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ABSTRACT 


High  spectral  brightness  rare  gas  halogen  (RGH)  sources  can  be  used  to 
generate  coherent  extreme  ultraviolet  radiation  by  either  harmonic  generation 
mechemisms  or  direct  multiquantum  excitation  of  appropriate  gain  media.  In  order 
to  demonstrate  the  basic  characteristics  of  these  two  approaches,  recent  compara¬ 
tive  measurements  have  been  made,  with  the  use  of  a  4  GW  193  nm  (ArF*)  system 
operating  at  a  pulse  duration  of  10  ps,  harmonic  generation  has  been  studied 
in  several  atomic  and  molecular  media  and  used  to  generate  20  kw  at  64.3  nm 
and  200  w  at  38.6  nm.  In  addition,  stimulated  emission  in  molecular  hydrogen, 
on  both  the  Lyman  and  Werner  bands  excited  by  two  quantum  absorption  at  193  nm, 
has  resulted  in  the  generation  of  radiation  as  short  as  117.6  nm  at  an  efficiency 
of  conversion  approaching  one  percent.  It  has  been  concluded  that  the  latter 
method  is  superior  for  the  generation  of  short  wavelength  radiation.  Extension 
of  these  results  to  both  shorter  wavelengths  and  higher  power  levels  requires 
an  extended  study  of  the  basic  character  of  high  order  nonlinear  processes  in 
the  ultraviolet.  Recent  studies  of  collision-free  multiply-charged  ion  production 
with  irradiation  at  193  nm  point  to  an  anomalously  strong  coupling  to  high  Z 
materials  with  processes  involving  as  many  as  99  quanta  being  observed.  These 
findings  strongly  suggest  that  the  direct  excitation  of  inversions  by  appropriate 
multiqueuitvim  processes  in  the  40-80  eV  range  in  certain  atomic  systems  can  be 
generated  with  existing  laser  Instrumentation. 
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I.  INTRODUCTION 

Recent  experimental  studies  show  that  bright  tunable  radiation  in  the  10  nm 
to  100  nm  spectral  range  can  be  generated  with  the  use  of  high  brightness  rare 
gas  halogen  (RGH)  laser  systems.  Fundamentally,  this  approach  is  predicated  on 
the  extraordinary  advcuices  made  in  the  spectral  brightness  of  RGH  media  in  recent 
times • 

Since  nonlinear  coupling  is  common  to  all  processes  involving  frequency  up- 
conversion  of  RGH  radiation,  a  premium  value  is  placed  on  the  eibility  to  produce 
outputs  of  maximal  power  and  intensity.  For  this  elementary  reason,  current 
experimental  efforts  are  concentrating  on  the  understanding  and  use  of  spectrally 
bright  picosecond  RGH  systems.  Presently,  an  instrument  developing  a  power  of 
4  GW  at  193  nm  (ArF*)  is  being  used  in  the  examination  of  physical  processes 
suitcUsle  for  wavelength  conversion  to  the  vacuum  ultraviolet  (VUV)  and  extreme 
ultraviolet  (XUV)  ranges. 

This  report  concerns  the  physical  studies  which  we  feel  will  lead  to  genuine 
stimulated  emission  in  the  soft  x-ray  range  at  quantvun  energies  in  the  40-80  eV 
region.  The  basic  conclusion  that  a  source  of  this  nature  is  now  feasible  with 
existing  instrumentation  is  supported  by  (1)  the  favoraJale  scaling  relationships 
governing  RGH  technology  eind  (2)  an  accvimulating  body  of  evidence  demonstrating 
the  efficacy  of  nonlinear  processes  for  the  selective  production  of  high  lying 
atomic  states.  If  the  inferences  from  currently  available  information  have  been 
correctly  drawn,  their  principal  implication  is  the  feasibility  of  a  relatively 
modest  laboratory  scale  x-ray  laser  operating  at  a  wavelength  of  1  nm. 

II.  APPLICATIONS  TO  BASIC  PHYSICAL  MEASUREMENTS 

The  availability  of  bright  XUV  and  soft  x-ray  radiation  will  have  important 
ramifications  for  a  broad  range  of  basic  physical  studies  over  the  next  few 
years.  Certainly,  one  of  the  most  significant  would  be  the  construction  of  a 
microhologram  of  living  matter,®  a  technique  of  measurement  that  could  become  a 
routine  biological  assay,  if  a  coherent  source  of  1  nm  radiation  were  available. 
However,  for  illustration  here,  two  other  areas  of  application,  one  involving 
inertial  fusion  plasma  diagnostics  and  the  other  concerning  condensed  matter 
surface  studies,  are  outlined  below. 

A.  Inertial  Fusion  Plasma  Diagnostics 


Diagnostic  techniques  useful  for  hot,  dense,  and  small  plasmas  are  crucial 
for  the  evaluation  of  inertial-confinement  fusion.^  Currently,  pulsed  x-ray 
shadowgraphy  has  been  performed®  only  lander  conditions  for  which  the  laser  energy 
used  to  provide  the  diagnostic  x-ray  source,  from  a  separate  laser  plasma,  was 
comparable  to  that  used  to  illuminate  the  target  of  interest.  This  condition 
arises,  since  the  x-ray  source  must  irradiate  the  film  with  a  flux  at  least 
con^rable  to  the  intense  x-radiation  originating  from  the  target  in  order  to 
produce  a  useful  shadowgraph  exposure.  Interferometric  applications  place  an 
additional  bandwidth  requirement  on  the  x-ray  source,  since  the  coherence  length 
must  be  comparcdsle  to  or  greater  than  the  physical  dimensions  of  the  plasma. 


The  combination  of  narrow  spectral  bandwidth  and  spatial  coherence  very 
greatly  reduces  the  x-ray  power  needed  under  experimental  circumstances  typical 
of  current  inertial  confinement  fusion  studies.  An  estimate^  of  the  minimum 
x-ray  power  required  from  the  diagnostic  source  for  a  shadowgraph  study  concludes 
that  a  total  power  of  10-100  kW  at  19.5  nm  is  sufficient  to  perform  coronal 
studies  of  a  target  having  a  radius  of  't  loo  ym  and  a  temperature  of  3  KeV.  In 
order  to  provide  a  sharp  spectral  filter  at  19.5  nm,  the  wavelength  is  selected 
to  match  the  narrow  minimum  that  exists  in  the  absorption  to  an  autoionizing 
(sp  23+)  level  in  neutral  helium.^®  This  absorption  profile  at  63.6  eV, 

taken  from  the  previous  work  of  Madden  and  Codling, 10  is  shown  in  Fig.  (1).  The 
narrow  minimum  is  the  significant  feature  which,  in  the  case  of  a  single  discrete 
state  interacting  with  a  single  continuvua,!!  with  neglect  of  the  very  small 
influence  of  the  Doppler  effect,  will  represent  an  absorption  that  vanishes 
exactly.  Examination  of  the  2s2p  lp°  resonance  at  60.1  eV  in  helium  indicates 
a  minimum  experimentally  consistent  with  zero;  the  (sp,  23+)  ^P°  resonance  shown 
in  Fig.  (1) ,  since  it  is  narrower,  is  affected  by  instrumental  resolution.  Since 
the  medium  is  transparent  for  a  small  range  AX  about  the  wavelength  of  a  minimvun 
absorption,  although  opaque  elsewhere,  this  effect  provides  a  very  high  resolu¬ 
tion  filtering  function.  Straightforward  analysis  utilizing  the  narrow  spectral 
width  represented  by  the  helium  filter  and  spatial  coherence  available  leads  to 
the  conclusion  that  a  total  power  in  the  10-100  kW  range  is  sufficient  for  the 
performance  of  coronal  studies.  Indeed,  with  the  use  of  a  streak  camera,  an  x-ray 
movie  of  an  implosion  could  be  generated  by  using  a  staggered  set  of  picosecond 
XUV  pulses. 

B,  Condensed  Matter  Surface  Studies 

Bright  sources  of  coherent  XUV  or  soft  x-ray  radiation  can  greatly  facilitate 
surface  studies  of  condensed  matter.  Indeed,  it  appears  possible  to  provide  a 
rate  of  measurement  sufficiently  high  to  permit  picosecond  time  scale  resolution 
of  the  dynamics  of  surface  morphology  on  the  atomic  scale. ^  As  an  example  of  the 
diagnostic  capability  that  can  be  achieved,  an  analysis  of  time-resolved  photo¬ 
emission  studies^  concludes  that  the  detailed  behavior  of  the  recrystallization 
of  laser  annealed  semiconductors  could  be  recorded  with  pulses  of  'v  10  ps  duration 
at  a  power  of  100  kW.  Since  growth  velocities  of  2-5  m/sec  are  believed  to  be 
generally  characteristic^^  gf  the  recrystallization  rate  of  annealed  material,  a 
time  resolution  of  10  ps  is  sufficient  to  observe  the  regrowth  of  a  single 
atomic  layer.  We  note  that  a  power  of  20  kW  at  64.4  nm  (19.3  eV)  in  10  ps  pulses 
has  been  reported  in  preliminary  experiments  examining  harmonic  generation,  a 
result  contained  in  Taible  I  below. 

III.  PICOSECOND  193  nm  SOURCE 


The  basic  4  system,  with  a  pulse  duration  of  10  ps  and  spatial  and  spectral 
properties  close  to  their  respective  transform  limits,  is  illustrated  in  Fig.  (2). 

In  the  configuration  shown,  the  output  of  a  synchronously  pumped,  mode-locked  dye 
laser  (Coherent  Radiation  599-04,  X  =  580  nm,  pulse  duration  'v>  8  ps)  is  pulsed 
amplified  in  a  three-stage,  XeF*  excimer  laser  pumped  dye  amplifier.  The  ampli¬ 
fied  spontaneous  emission  arising  from  the  dye  amplifiers  is  suppressed  by  two 
250  ym  thick  saturable  absorber  cells  which  are  installed  between  the  consecutive 
amplifier  stages.  The  most  stable  operation  of  the  eunplifier  chain  has  been 
achieved  with  DQOCI  (1  x  10"^  mol/S.  in  methanol)  as  the  saturcdsle  absorber.  Besides 
DQOCI,  DODCI  and  malachite  green  have  been  tested  in  different  solvents.  Under 
typical  conditions,  the  580  nm  output  pulse  has  an  energy  of  1  roJ. 


ABSORPTION  COEFFICIENT  (cm**  AT  S.TP) 


(2) ;  Schematic  diagram  of  10  picosecond  193  nm  (ArF*)  system  showing 
characteristic  energy,  pulse  duration,  and  power  levels. 


The  i-nuJ,  580-nni  output  pulse  is  focussed  with  a  35-cm  focal-length  lens 
(f/50)  into  a  strontium  heat  pipe,  in  which  2  nj  of  the  third  harmonic  at 
193  nm  is  produced.  Subsequently,  the  2  nJ,  193  nm  output  from  the  heat  pipe 
is  initially  amplified  in  a  double-pass  ArF*  amplifier.  A  spatial  filter  and  a 
grating-pinhole  combination  with  a  25  cm“^  bandpass  is  used  to  suppress  amplified 
spontaneous  ArF*  emission.  After  further  amplification  in  a  single-pass  ampli¬ 
fier,  the  energy  in  the  short  pulse  is  typically  5  mj  with  an  additional  5  mj 
contained  in  amplified  spontaneous  emission.  When  this  pulse  is  focussed  with 
a  20  cm  focal  length  lens,  an  air  breakdown  is  readily  observed.  After  final 
amplification  in  a  second  single  pass  amplifier,  30  ±  10  mJ  are  typically  measured 
in  the  short  pulse  and  n,  200  mJ  in  the  amplified  spontaneous  emission.  It  is 
important  to  note  that  the  short  pulse  energy  observed  represents  a  substantial 
fraction  of  the  maximum  energy  available  for  extraction  (n,  50  mJ)  in  a  pulse 
shorter  than  the  excimer  lifetime.  This  level  of  extraction  is  direct  evidence 
against  the  presence  of  a  significant  nonlinear  loss  mechanism  affecting  the 
amplification  of  the  picosecond  pulse  up  to  an  intensity  of  'X'  1  GW/cm^.  The 
duration  of  this  final  output  pulse  is  determined  to  be  n,  10  ps,  as  shown  in 
Fig.  (3). 

In  addition  to  the  temporal  behavior  of  the  ArF*  pulse,  the  coherence 
properties  of  the  beam  have  been  studied  and  compared  to  those  of  the  580  nm 
visible  beam.  In  both  cases,  interference  fringes  were  visible  up  to  a  maximum 
delay  of  ±  3  ps,  indicating  comparable  coherence  lengths  for  both  the  visible 
and  ultraviolet  pulses.  A  magnitude  of  'V  5  cm“^  has  also  been  derived  from  the 
observation^^  of  a  two  quantum  resonance^'^  in  the  X-»-E,F  band  oT  H2,  a  value  con¬ 
sistent  with  the  fringe  determination.  Correspondingly,  the  bandwidth  of  the 
193  nm  pulse  is  estimated  to  be  5  cm~^. 

IV.  HARMONIC  GENERATION 

Naturally,  the  high  intensities  available  with  the  10  ps  output  favor  the 
observation  of  nonlinear  processes.  Therefore,  harmonic  generation  in  gaseous 
media  serves  as  a  simple  and  effective  means  for  the  production  of  radiation  in 
the  range  below  100  nm.  Preliminary  experiments  examining  the  nonlinear  scatter¬ 
ing  in  various  gases  such  as  H2,  He,  Ne,  Ar,  N2,  and  CO  indicate  substantial 
production  of  both  third  (64  nm)  and  fifth  ("’9  nm)  harmonic  radiation.  Table  I 
summarizes  the  results  obtained  in  these  early  measurements.  The  maximum  powers 
observed  at  the  third  hairmonic  (64  nm)  and  the  fifth  harmonic  (39  nm'  were 
20  kW  and  200  W,  respectively. 

TABLE  I.  Harmonic  generation  with  193  nm,  10  ps  pulses. 


XUV  POWER  (W) 


3rd  harmonic 


2  X  lO"* 
20 
20 

2  X  10'* 
200 
20 


5th  harmonic 
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Fig.  (3) :  Streak  camera  recording  of  ArF*  laser  omission  after  the 
final  amplifier  at  high  temporal  resolution  showing 
actual  pulse  duration.  The  two  pulses  are  the  front 
and  rear  surface  reflections  from  a  9.5  mm  quartz 
flat  which  was  used  to  calibrate  the  time  axis. 
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Fig.  (4)  : 


Intensity  of  third  harmonic  (64  nm)  signal  as  a  function  of  medium 
density  using  10  psec  193  nin  radiation. 


The  density  dependence  of  the  nonlinear  intensity  is  revealing.  All  neutral 
gaseous  materials,  with  the  exception  of  He  and  Ne,  will  present  a  loss  at  64  nm 
arising  from  photoionization.  The  presence  of  this  loss,  for  a  given  focal 
geometry,  establishes  a  fundamental  upper  limit  on  the  density  of  the  nonlinear 
medium  for  optimum  conversion.  As  shown  in  Fig.  (4) ,  N,  and  Ar  both  exhibit 
diminishing  64  nm  output  as  densities  above  -v  1.5  x  IQlS  cm"  as  a  consequence 
of  the  absorption  from  photoionization.  However,  since  the  losses  arising  from 
photoionization  at  64  nm  in  neon  are  totally  absent,  a  different  behavior  is  seen 
Pressure-induced  absorption^^  64  nm  will  occur  at  sufficiently  high  density 
in  a  manner  similar  to  that  observed  in  krypton,  as  well  as  many  other  materials, 
but  this  is  not  expected  to  be  an  appreciable  effect  for  densities  less  than 

With  the  use  of  a  high  pressure  pulsed  valve  for  the  production 


2  X  10^®  cm~^ 


of  the  nonlinear  medium,  the  scaling  behavior  indicated  for  neon  in  Fig.  (4) 
implies  the  generation  of  XUV  power  levels  in  the  megawatt  range. 

V.  STIMULATED  EMISSION  FROM  MULTIPHOTON  EXCITED  INVERSIONS 

Direct  radiative  excitation  by  multiquantum  processes  can  be  used  to  generate 
amplification  in  the  XUV  and  soft  x-ray  regions.  It  is  apparent  from  the  comparison 
of  the  properties  of  direct  stimulated  emission  with  those  of  parametric  processes, 
such  as  harmonic  generation,  that  the  former  will  provide  the  most  efficient 
mechanism  for  conversion  to  the  soft  x-ray  region.  Multiquantum  processes  of  this 
nature,  which  have  previously  been  observed  in  the  infrared, can  now  be  readily 
extended  to  the  shorter  wavelength  region  with  high  spectral  brightness  picosecond 
RGH  sources. 


Molecular  hydrogen  represents  the  essential  paradigm  of  this  basic  mechanism 
in  the  VUV  range.  The  previously^'^  studied  X  E,F  0(2)  transition  in  H2 

falls  in  a  region  in  which  exact  resonance  can  be  achieved  for  an  allowed  two 
quantiam  excitation  with  193  nm  radiation.  For  irradiation  with  10  ps  pulses, 
estimates  indicate  that  approximately  one  percent  of  the  H2  ground  state  popula¬ 
tion  can  be  transferred  to  the  excited  state  at  an  intensity  of  “V  10^^  W/cm^  when 
proper  account  is  made  for  losses  due  to  photoionization  of  the  E,F  ^Eq  level  at 
193  nm.  Therefore,  at  a  medium  density  of  2  x  10^^  cm"^,  with  an  allowance  for 
rotational  partition,  an  inversion  density  of  'V  10^^  cm“^  on  the  E,F  ^Eg  -*■  B  ^E^ 
can  be  generated.  Since  the  cross  section  for  the  E+B  transition  apo  s  6  x  10"^'* 
cm'*,  an  enormous  gam  constant  g£.3  'v  6  x  10-^  cm  ^  is  obtained,  and  strong  stimu¬ 
lated  emission  on  the  relevant  transitions  in  the  near  infrared  from  750  nm  to 
920  nm  is  observed.  As  a  direct  consequence  of  the  B->-B  emission,  the  B^X  molecular 
Lyman  transition  develops  an  inversion  of  comparable  magnitude  which,  together  with 
the  cross  section  for  the  B-»-X  transitions,  will  exhibit  a  gain  gsx  10^  cm 
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An  amplification  of  this  magnitude  will  lead  to  saturation  in  a  distance  of  less 
than  1  mm.  Naturally,  this  leads  to  the  observation  of  intense  stimulated 
emission^^  on  the  Lyman  band  in  the  127  nm  -  155  nm  region.  The  shortest  wave¬ 
length  observed  in  this  manner  on  the  Lyman  band  was  'V/  127  nm  corresponding  to 
the  (0-3)  transition.  The  cascading  stimulated  transitions  producing  the  Lyman 
(l,v)  bands  are  illustrated  in  Fig.  (5) .  Most  significantly,  we  note  that  the 
conversion  efficiency  from  the  193  nm  radiation  to  the  up-converted  light  was 
determined  to  be  'V'  0.5%  for  a  single  rotational  transition.  Assuming  that  the  VUV 
pulses  occur  on  a  time  scale  of  10  ps,  the  signal  strength  observed  indicated  a 
peak  power  on  the  strongest  transition  of  '''  20  Ml-7.  In  addition,  strong  stimulated 
emission  has  also  been  observed  on  the  Werner  C  -►  X  ^Eg  band  at  117.6  nm 
corresponding  to  the  (2,5)  transition.  Characteristic  stimulated  spectra  illu¬ 
strating  the  observed  B-^X  bands  154  nm  and  the  117  nm  O^X  transition  are  shown 
in  Fig.  (6)  and  Fig.  (7) ,  respectively.  A  more  detailed  discussion  of  this  system, 
including  the  role  of  the  optical  Stark  effect,  is  contained  in  Appendix  A. 
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VI.  STUDY  OF  THE  MECHANISM  FOR  THE  PRODUCTION  OF  MULTIPLY  CHARGED  IONS 
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Multiply  charged  ions  of  krypton  have  been  produced  under  collision-free 
conditions  with  1.06  ym  radiation  at  relatively  low  intensity,  less  than  10^'^  W/cm^. 
These  results  suggest  the  possibility  of  direct  selective  population  of  high  lying 
states  by  a  multiquantum  process  involving  a  large  number  of  quanta.  Indeed,  it 
is  possible  to  speculate  on  the  possible  role  of  a  collective  atomic  response  of 
the  type  described  by  Wendin.^^  Naturally,  the  large  matrix  elements  that  might 
arise  in  this  fashion  would  have  a  very  substantial  influence  on  a  high  order 
multiquantum  process.  Furthermore,  these  factors  may  be  substantially  modified 
by  recently  reported  intensity  dependent  effects  on  configuration  interaction.^*^ 

Presently,  we  have  begun  operation  of  an  atomic  beam  apparatus  for  use  in 
conjunction  with  the  193  nm  source  described  in  Section  III.  This  apparatus  is 
equipped  with  an  electrostatic  analyzer  so  that  individual  charge  and  mass  states 
can  be  readily  observed.  A  simple  demonstration  of  the  ion  detection  capability 
is  shown  in  Fig.  (8)  which  displays  the  H"*"  and  H2''’  peaks  generated  by  illumination 
of  H2  at  193  nm.  The  intensity  dependence^^  of  these  ion  signals  strongly  indicates 
that  the  H"*"  production  arises  from  secondary  photolysis  of  H2^. 

Preliminary  results  indicating  the  formation  of  multiply  charged  ions  with 
193  nm  irradiation,  spanning  the  range  in  atomic  number^^  from  He  to  U,  have  also 
been  obtained.  The  results  of  these  studies  are  contained  in  Appendix  B.  These 
results  were  obtained  at  a  rather  low  intensity,  £  10^^  W/cm^,  not  far  from  the 
range  studied  by  L'Huillier  et  al.^® 

The  principal  findings  of  the  results  discussed  in  Appendix  B  are  (1)  the 
unexpectedly  strong  multiphoton  coupling  strength  resulting  in  multiple  ioniza¬ 
tion  of  target  atoms,  (2)  a  strong  Z-dependence  of  the  coupling,  and  (3)  ion 
charge  state  distributions  which  in  some  cases  resemble  those  characteristic  of 
Auger  cascades.  Conventional  stepwise  models  of  sequential  ionization  using 
standard  theoretical  techniques  are  found  to  be  wholly  incaped^le  of  describing 
these  results.  To  unify  these  experimental  findings  within  the  framework  of  a 
single  physical  picture,  a  mode  of  interaction  which  involves  direct  radiative 
coupling  to  a  collective  motion  of  an  inner-shell  with  subsequent  transfer  of 
excitation  to  a  corresponding  outer-shell  is  proposed. 

Fig.  (9)  illustrates  the  atomic  nuitiber  dependence  of  the  total  energy  trans¬ 
ferred  as  represented  by  the  maximum  charge  state  observed.  A  substantial  increase 
in  coupling  is  evident  for  the  heavier  materials.  We  note  that  the  overall  shape 
of  the  envelope  curve  suggests  a  change  in  the  basic  coupling  mechanism  as  the 
atomic  number  increases.  The  anomalous  magnitude  of  the  coupling  strength  at 
high  Z  points  strongly  to  a  collective  mode^®  of  excitation.  Some  aspects  of 
these  findings  are  discussed  in  Appendix  B. 

Certainly  more  detailed  physical  measurements  are  required  to  (1)  clarify 
the  mechanisms  which  give  rise  to  the  observed  response  and  (2)  to  demonstrate 
the  selectivity  expected  for  the  production  of  certain  ionic  excited  states. 

In  this  we  are  mindful  of  strong  dynamical  effects,  such  as  f-electron  collapse, 
which  may  influence  the  coupling.  For  the  examination  of  these  questions  we  intend 
to  measure  both  the  electron  spectra  and  photon  spectra  arising  from  the  excited 
material.  The  ctirrent  apparatus,  operating  at  10~®  Torr,  can  be  used  to  deter¬ 
mine  the  electron  distribution.  For  the  study  of  photon  emission,  a  modification 
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Fig.  (9) :  Plot  of  the  ionization  energies  representing  the  total  energy  transfer 
required  for  the  production  of  different  charge  states  as  a  function 
of  atomic  number  (Z) .  The  envelope  curve  is  drawn  to  connect  the 
states  representing  the  maximum  charge  state  observed. 


involving  a  pulsed  jet  will  be  necessary  to  raise  the  density  in  the  experimental 
volume. 

VII.  CONCLUSIONS 

The  development  of  excimer  laser  systems  during  the  last  decade  has  culminated 
in  the  availability  of  a  new  and  extremely  power  light  source  technology  in  the 
ultraviolet  region.  Clearly,  the  extremely  high  brightness  available  from  RGB 
technology  has  importcuit  implications  for  the  production  of  bright,  coherent 
radiation  in  the  XUV  and  soft  x-ray  regions.  A  review  of  the  scaling  properties 
of  RGB  media  leads  to  the  conclusion  that  modest  laboratory  scale  systems  can  be 
implemented  at  the  1  TW  power  level.  This  should  enable  the  production  of 
bright  sources  of  coherent  radiation  in  the  10^-10^  eV  range.  Such  sources  will 
certainly  be  applicable  to  an  unusually  diverse  range  of  pure  and  applied  scien¬ 
tific  problems. 
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APPENDIX  A 

VACUUM  ULTPJWICLST  STIMULATED  EMISSION 
FROM  'nro-PHOTON  EXCITED  MOLECULAR  HYDROGEN 


H,  Pummer,  H.  Eqaer,  T.  S.  Luk,  T.  Srinivasan, 
and  C.  K.  Rhodes 
Department  of  Physics 
University  of  Illinois  at  Chicaao 
P.O.  Box  4348 
Chicago,  IL  60680 


ABSTRACT 


Intense  vacuum  ultraviolet  stimulated  emission  in  molecular  hydrogen, 
on  both  the  Lyman  and  Werner  bands,  following  excitation  by  two  quantum  absorp¬ 
tion  at  193  nm  on  the  X  -*■  E,F  transition,  has  been  observed.  The 

g  g 

shortest  wavelength  seen  in  the  stimulated  spectrum  was  117.6  nm  corresponding 

to  the  C  -*■  X  ^Z^  (2-5)  0(1)  transition.  The  radiative  cascade  mechanism 
u  g  '  ' 

found  to  lead  to  the  vacuum  ultraviolet  emissions  also  causes  strong  infrared 

1  +  1  + 

stimulated  emission  to  occur  on  the  E,F  Z^  -*•  B  Z^  band.  Two  entirely  separate 
radiative  excitation  channels  are  observed  to  play  important  roles  in  the  state 
selective  molecular  population  of  the  E,F  ^Z^  level.  One  involves  two  193-nm 
quanta  in  the  X-*E,F  amplitude  while  the  other  process  combines  a  193-nn  quantum 
with  a  first  Stokes  shifted  photon  in  H^.  The  optical  Stark  effect  was  seen 
to  play  a  significant  role  in  the  excitation  process  with  shifts  of  molecular 
resonances  as  large  as  "v  45  cm  Substantial  deviations  from  Born-Oppenheimer 
behavior,  resulting  in  a  dramatic  shift  of  the  stimulated  spectrum  depending 
upon  the  excited  state  rotational  quantum  number,  were  clearly  observed  for 
molecular  levels  close  to  the  potential  maximum  separating  the  inner  and  outer 


wells  of  the  E,F  Z^  state.  The  maximum  energy  observed  in  the  strongest 
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I.  INTRODUCTIOri 


In  the  infrared  spectral  region,  both  paranetric  processes  and  direct 
multiphoton  excitation^  of  excited  states  followed  by  down-  or  up-shifted 
laser  emission  have  been  used  extensively  for  generation  of  coherent  radiation 
in  that  range.  With  the  development  of  tunable  excimer  lasers  which  can  deliver 
narrow  bandwidth  ^  radiation  in  short, ‘  high  intensity  pulses  of  superior 
spatial  quality,  these  techniques  have  also  become  attractive  for  the  generation 
of  high  power  vacuum  ultraviolet  (iW)  and  extreme  ultraviolet  (XU'wf)  radiation. 

Direct  radiative  excitation  by  multiquantun  processes  can  be  used  to 
generate  amplification  in  the  VUV  and  -XUV  regions.  Molecular  hydroaen  represents 


the  essential  paradigm  of  this  basic  mechanism  in  tl'.e  VW  ranee  on  account  of 

8  9 

its  fundamental  nature  and  the  presence  of  a  known  '  two-quantum  resonance  on 
the  X  -*  E,F  transition  at  193  nm.  In  this  work,  the  observation  of 

g  g 

efficient  stimulated  emission  in  the  infrared  on  the  E,r  *  B  band  and 

g  u 

vacuum  ultraviolet  on  the  Lyman  and  Werner  bands^^  following  two-photon  excita¬ 


tion  of  the  E,F  I  state  in  H-  using  a  193-nm  ArF*  laser  is  described. 

g  2 


II.  TWO-PHOTON  TRANSITIONS  IN  AT  193  nm 

The  relevant  potential  energy  curves  in  are  illustrated^^  in  Fig.  1. 

At  300  K  the  relative  equilibrium  rotational  state  populations  in  the  ground 
X  state  for  J  =  0,  1,  2,  and  3  levels  are  1.0,  4.9,  0.83,  and  0.52,  respec- 

g 

tively.  The  lowest  excited  state,  that  is  optically  connected  to  the  ground 

^  12 
state  by  a  dipole  transition,  is  the  B  state,  which  has  a  radiative  lifetime 

of  'V  600  ps  (the  exact  value  depending  upon  the  vibrational  quantum  number)  and 

12  -9  3 

a  collisional  quenching  rate  a  1,3  x  iq  cm  /s  at  300  K.  As  shown  in  Fig.  1, 

the  first  excited  singlet  gerade  state  E-,F  ^Z^  has  a  double  minimum  arising  from 


the  avoided  crossing  of  the  E(lsa2sa)  and  r(2s3)“  curves.  The  radiative 


9 

lifetime  from  this  level  has  been  determined,  both  experimentally  and  theoreti- 
13  14 

cally,  '  to  be  'V  90  ns  with  a  corresponding  collisional  quenching  rate  that 

-9  3 

has  been  measured  to  be  2.1  x  lo  cm  /s. 

For  the  X  ->  E,F  two-photon  transition  in  H-,  the  Q-branch  [T<(J)  -*• 

g  g  ^ 

E,F(J)]j  transitions  are  the  strongest^^  for  linearly  polarized  radiation.  Given 


the  available  tuning  range  of  the  ArF*  system  in  the  vicinity  of  193  nm,  the 
transitions  in  that  can  be  excited  with  two  193-nm  quanta  are  the  0(0),  0(1), 
Q(2)  ,  and  0(3)  transitions  of  the  X  ^Z^  -+■  E,F  ^Z^  (0-2)  vibrational  band.^^  Of 

g  g 

16 

particular  interest  are  the  Q(2)  and  Q(3)  transitions  which  lie  at  103,328  cm 
and  103,282  cm  respectively,  since  they  occur  at  frequencies  for  which  inter¬ 
ference  from  oxygen  cibsorption  at  the  corresponding  193-nm  wavelengths  is  absent. 
Contrarily,  Fig.  2  clearly  shows  that  the  frequency  required  for  excitation  of 

the  Q(l)  transition  (51739.5  cm  ^)  lies  very  close  to  the  molecular  Schvimann- 
17  18 

Range  '  R(19)  line  of  the  (4-0)  band  at  51740  cm  .  Similar  interference 

from  oxygen  absorption  also  occurs  for  the  193-nm  wavelength  corresponding  to 
the  Q(0)  transition.  Although  these  coincidences  with  oxygen  lines  appear  to 
prevent  the  two-quantum  excitation  of  the  Q(0)  and  Q(l)  transitions  without 
the  use  of  an  oxygen-free  path  for  the  laser  beam,  the  occurrence  of  the 
optical  Stark  effect,  as  discussed  quantitatively  below  in  Section  IV. A, 
obviates  this  limitation. 

The  two-photon  coupling  parameter,  corresponding  to  the  pump  laser  bandwidth 

-1  8  9  19  20 

of  5  cm  and  a  Doppler  broadened  H2  linewidth  has  been  estimated  '  •  •  to  be 

-31  4 

a  =  2  x  10  cm  /W.  An  important  aspect  to  be  noted  from  Fig.  1  is  the  near 


1  +  1  + 
degeneracy  between  the  C  state  and  the  inner  minimum  of  E,F  state. 

Since  the  E(2sa)  and  C(2pTt)  states  strongly  resemble  their  atomic  counterparts^ 


0 

at  the  relevant  internuclear  separation  p,f  '''  1  A,  the  two  electronic  states  are 
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connected  by  a  large  transition  moraent""  with  a  nagnitude  of  5  au.  This 
causes  the  C  state  to  be  the  dominant  intermediate  state  in  the  two-photon 
amplitude  for  excitation  of  the  E,F  from  the  X  level,  a  conclusion 

g  g 

first  stated  by  Huo  and  Jaffe.^*^ 

As  described  below,  a  two-quantum  couplina  pareimeter  of  this  magnitude 

and  irradiation  with  10-ps  pulses  enables  approximately  one  percent  of  the 

ground  state  population  to  be  transferred  to  a  rotationally  specific  excited 

11  2 

state  at  an  intensity  of  10  W/cm  when  proper  account  is  made  for  losses 

due  to  photoionization  of  the  E,F  level  at  103  nm.  Therefore,  at  a  medium 

g 

19  -3 

density  of  2  x  lo  cm  ,  with  an  allowance  for  rotational  partition,  inversion 

densities  on  the  scale  of  10^^  cm  ^  can  be  oenerated.  Since  the  optical  cross 

.  -14  "* 

sections  for  the  inverted  transitions  are  10  cm",  a  value  leading  to  an 

optical  gain  constant  of  10^  cm  strong  stimulated  omission  is  expected  under 

'>0 

these  circumstances.  Indeed,  recent  estimates  by  Huo  and  Jaffe"  indicate  that 
the  coupling  parameter  a  could  be  significantly  larger  than  the  earlier  estimates 
leading  to  the  value  used  above,  a  correction  that  would  increase  the  gain  con¬ 
stant  by  an  appreciable  factor. 

It  is  known  that  molecular  hydrogen  is  an  efficient  medium  for  stimulated 

23  24 

Raman  scattering  of  ultraviolet  radiation.  '  Measurements  with  10-ns  ArF* 
laser  pulses  indicate  that  intense  stimulated  Raman  scatterina  occurs  in  our 
apparatus  at  pressures  >  600  Torr  and  that  25°i  of  the  193-nm  fundamental 
wave  is  converted  into  the  first  order  Stokes  line  when  the  193-nm  beam  is 
focussed  (f/100)  into  a  cell  containing  1000  Torr  of  H^.  Therefore,  in  the 
high  pressure  regime  (>  600  Torr) ,  two-quantum  processes  involvino  a  Stokes 


shifted  quantum  could  have  an  appreciable  rate.  Indeed,  since  the  vibrational 
25  1  + 

spacing  of  the  H_  ground  X  Z  state  is  almost  exactly  twice  that  characteristic 
2  g 

of  the  excited  E,F  level,  a  two-quantum  resonance  occurs  for  the  fundamental 


of  51656  cm  with  the  corresponding  Stokes  at  47501  cm  ^  for  the  transition 

from  X  I  (v  =  0,  J  =  0)  to  E,F  (v  =  0,  J  =  0) .  It  will  be  seen  that  this 

9  g 

Raman  assisted  channel  is  an  important  mode  of  molecular  excitation. 

III.  E.XPERIMENTAL  APPARATUS 

The  193-nm  ArF*  source  used  in  these  experiments  furnished  an  effective 
power  of  2  OT  in  a  pulse  duration  of  'v-  10  ps.  This  radiation  had  a  measured 
bandwidth  of  5  cm  ^  and  a  divergence  of  10  urad,  values  close  to  their 
respective  transform  limits.  The  beam  was  focussed  with  an  f  =  1.6  m  lens  into 
the  center  of  the  experimental  cell.  The  experimental  cell  consisted  of  a  2  m 
long  cell  containing  the  hydrogen  up  to  densities  of  2  amagat  and  was  equipped 
with  entrance  and  exit  windows  of  CaF2  and  LiF,  respectively.  The  pressure 
of  H2  inside  the  cell  was  determined  by  a  standard  baratron  gauge.  For 
observation  of  the  VUV  radiation,  the  LiF  exit  window  of  the  cell  was  attached 
directly  to  the  entrance  slit  of  a  1  m  VUV  monochromator  (McPherson  225) 
equipped  with  an  optical  multichannel  analyzer  (DMA  PAR)  at  the  exit  slit  to 
serve  as  the  detector.  The  detection  of  infrared  radiation  with  \  >  7000  A 
was  accomplished  similarly  with  the  use  of  a  suitable  grating  and  a  glass 
window  at  the  entrance  slit  to  eliminate  all  ultraviolet  radiation. 

IV.  E.XPERI.’!ENTAL  RESULTS 

1_+  1.-  + 

A.  B  L  -*  X  L  emissions 
u  g 

Excitation  of  the  hydrogen  gas  at  frequencies  corresponding  to  the  two- 
quantum  transitions  discussed  above  leads  to  the  observation  of  intense  stimulated 
emission  with  a  characteristic  line  structure.  Tables  la  and  Ib  contain  .he 
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identification  of  the  infrared  and  VUV  transitions  observed  in  the  low  pressure 
regime,  20-500  Torr,  along  with  information  on  the  observed  intensities.  The 
experimentally  observed  wavelengths  agree  with  the  previously  determined 
values,  within  our  experimental  accuracy  of  v  20  cm  .  This  fact,  concern¬ 

ing  the  wavelengths,  will  be  considered  further  below  in  the  discussion  of  the 
optical  Stark  effect. 

With  the  ArF*  laser  tuned  to  the  Q(3)  transition,  stimulated  emission  on 
the  lines  shown  in  Fig.  3  was  observed.  The  emission  pattern  displays  the 
additional  transitions  illustrated  in  Fig.  4  for  excitation  corresponding  to 
the  Q(2)  transition.  Two  observations  concerning  the  nature  of  these  stimulated 
spectra  are  noteworthy.  The  first  involves  the  shift  of  the  dominant  E,F->B 
transition  in  the  infrared  from  (2-^2)  p(4)  to  (2-'l)  P(3)  upon  changing  from 
0(3)  to  Q(2)  excitation,  an  indication  of  a  significant  dependence  of  the  wave- 
function  for  nuclear  coordinates  on  the  rotational  quantum  number.  The  second 
point  relates  to  the  occurrence  of  stimulated  emission  stemming  from  the 
J  =  3  level  (Fig.  3)  with  the  193-nm  laser  tuned  to  the  frequency  correspondinq 
to  the  0(2)  transition  (Fig,  4) .  It  is  significant  that  the  corresponding 
dual  output  did  not  occur  under  the  excitation  of  the  0(3)  transition.  No 
lines  originating  from  J  =  2  state  due  to  the  excitation  of  the  Q(2)  transition 
have  been  observed  with  the  laser  tuned  to  the  0(3)  transition. 

Qualitatively,  the  shift  in  the  dominant  infrared  transition  accompanying 
the  change  from  0(3)  to  0(2)  excitation  can  be  explained  by  the  fact  that  the 
inner-well  E  (v  =  2,  J  =  3)  level  is  onlv  a  few  hundred  wavenumbers 

g 

('V  200  ±  150  cm  below  the  intermediate  maximum  of  the  E,F  potential  curve, 

whereas  the  nearby  J  =  2  level  is  lower  by  an  additional  305  cm  It  has  been 
26 

established  theoretically  that  strong  deviations  from  Born-Oppenheimer  behavior 


occur  for  the  E,F  state,  particularly  in  the  region  close  to  the  maxiri'jni  of 

the  potential  barrier  and  specific  manifestations  of  this  deviation  have  been 

27 

recently  observed  by  Harinero  et  al.  Therefore,  due  to  the  vibronic  coupling 

between  the  inner  and  outer  wells  of  this  state  and  the  consequently  large 

deviation  from  Born-Oppenheimer  behavior  for  the  (v  =  2,  J  =  3)  level  of  the 

E,F  state,  the  (2-2)  vibronic  transition  is  preferred  over  the  (2-1)  transition 
28 

predicted  by  Lin.  The  peculiar  nature  of  the  J  =  3  level  arising  from  its 

proximity  to  the  potential  maximum  is  also  reflected  in  the  anomalous  spacings 

of  the  rotational  levels.  The  energy  difference  between  the  j  =  2  and  J  =  3 

levels  is  305  cm  a  value  that  stands  in  contrast  compared  to  the  85  cm  ^ 

difference  separating  the  J  =  1  and  J  =  2  states. 

The  observation  of  stimulated  emission  originating  from  the  E,F  (v  =  2, 

J  =  3)  level  upon  excitation  of  the  system  at  a  frequency  corresponding  to  the 

two-quantum  Q(2)  transition,  is  direct  evidence  of  the  role  of  the  optical  Stark 

effect.  Fig.  5  illustrates  the  positions  of  the  participating  levels  both  in 

the  presence  and  the  absence  of  the  193-nm  radiation  field  based  upon  previously 

29 

performed  estimates  of  the  nonlinear  coupling  to  this  molecule.  As  shown  in 

11  2 

Fig.  5,  at  an  intensity  of  6  x  lo  W/cm  ,  the  unshifted  Q{2)  transition 
frequency  becomes  almost  exactly  equal  to  the  radiatively  shifted  0(3)  transition 
frequency.  This  condition  can  arise  since  the  optical  Stark  effect  is  sufficient 
to  increase  the  transition  energy  of  the  0(3)  line  by  45  cm~^,  a  value  large 
in  comparison  to  both  the  effective  linewidth  of  the  193-nm  radiation  and  the 
instrumental  resolution  used  to  register  the  stimulated  transitions.  Since 
strong  two-photon  excitation  occurs  in  regions  of  the  converging  193-nm  beam  in 
which  the  intensity  spans  the  range  of  10^^  VJ/cm^  to  10^^  W/cm^,  the  simultaneous 
excitation  of  the  Q(2)  and  Q(3)  transitions  becomes  possible,  albeit  in  different 
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spatial  regions,  and  subsequent  stimulated  emission  on  both  bands  can  arise. 

3  0 

It  is  recalled  that  similar  effects  have  been  previously  observed  for  a  t'.;o- 
photon-excited  16-um  laser  in  It  is  important  to  note  that,  because  of 

the  sign  of  the  radiative  shift,  the  simultaneous  excitation  of  the  Q{2)  and 
0(3)  transitions  is  not  expected  when  the  103-nm  laser  wavelength  is  tuned  to 
the  Q(3)  line,  a  conclusion  which  is  in  agreement  with  experimental  observations. 
Finally,  we  observe  that  optical  Stark  shifts  on  the  scale  observed  ("v  45  cm 
are  sufficient  to  shift  the  Q(0)  and  0(1)  transitions  to  frequencies  for  which 
no  interfering  oxygen  absorption  occurs  (see  Fig.  2) ,  enabling  those  states  to 
be  excited  as  well. 

At  pressures  above  600  Torr,  an  additional  sot  of  lines  appears  when 

the  193-nm  excitation  laser  is  tuned  to  the  E,F*-X  (2-0)  0(2)  transition.  These 

additional  observed  transitions  are  shown  in  Fig.  6  and  Table  II  lists  the 

16 

pertinent  data  and  identifications  based  on  previous  studies.  Inspection 

shows  that  the  E,r*-X  (0-0)  0(0)  transition  is  only  16  cm  ^  below  the  energy  of 

one  193-nm  fundamental  plus  one  Stokes  shifted  ArF*  photon.  As  in  the  case 

discussed  above,  this  transition  energy  is  increased  by  16  cm  ^  by  the  optical 

11  2 

Stark  effect  at  an  intensity  of  2  x  lo  W/cm  .  As  expected,  no  emission 
from  the  E,F  (v  =  0)  level  is  observed  when  the  frequency  of  the  193-nm  radiation 
is  decreased  by  22.5  cm  ^  to  the  E,F-^X  (2-0)  Q(3)  transition.  Furthermore,  the 
onset  of  these  emissions  agrees  with  the  observed  threshold  for  the  production 
of  stimulated  first  Stokes  radiation  in  H.,,  an  e.xperimental  finding  strongly 
reinforcing  the  conclusion  concerning  the  role  of  the  Raman  shifted  radiation. 


B.  C  *  X  emissions 

u  g 


Two  strong  stimulated  lines  at  117.7  nm  and  117.6  nm  originating  from 


the  C  state  are  observed.  These  transitions  are  identified  as  the  0(2)  and 
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0(1)  (2-5)  Werner  band  lines,  respectively,  as  shown  in  Fig.  3  and  Fig.  4. 

Based  on  the  fact  that  OX  stimulated  emission  is  seen  over  the  same  wide 

pressure  range  (20  Torr  to  1000  Torr)  as  the  E,P-3-*-X  cascade,  combined  with 

8  9 

)cnowledge  of  the  collisional  quenching  rate  governing  the  E,F  state,  '  rapid 

population  of  the  C  state  by  a  collisional  mechanism  must,  at  least  in  the 

lower  pressure  range,  be  excluded.  Therefore,  this  leads  to  the  conclusion 

that  the  rapid  transfer  of  population  from  the  E,F  to  the  C  state  can  only  be 

explained  by  a  rapid  radiative  mechanism,  namely,  stimulated  emission  on  the 

R(2)  line  at  38.7  ym  and  the  R(l)  line  at  161  urn.  We  recall  that  the  electronic 

matrix  element  governing  the  far  infrared  E,P-*'C  transitions  is  extremely  large 

with  the  basic  scale  of  the  coupling  strength  being  the  same  as  the  2s-2p  dipole 

22 

amplitude  in  the  hydrogen  atom,  "v  5  au.  The  Franc)c-Condon  factors  will  be 
close  to  unity,  since  the  E,F  and  C  potentials  coincide  almost  exactly  in  the 
region  of  the  inner  minimum.  Thus,  the  large  amplitude  for  the  far  infrared 
radiative  transition  leads  to  strong  amplification  and  a  cascade  mechanism 
populating  the  C  state  fully  analogous  to  that  populating  the  B  level 
through  infrared  emission  on  the  E,F-‘B  transition.  Direct  observation,  however, 
of  the  38.7  ym  and  161  ym  emissions  was  not  made,  since  the  wavelengths  were 
too  long  to  be  observed  in  the  present  equipment. 


C.  General  properties  of  the  stimulated  transitions 


All  the  lines  in  the  infrared  and  vacuum  ultraviolet  classified  as  stimu¬ 
lated  exhibited  clear  thresholds  for  emission  and  a  spatial  divergence  matching 
that  of  the  focussed  193-nra  excitation  beam.  Furthermore,  since  the  stimulated 
transitions  observed  did  not  exhibit  detectable  optical  Stark  shifts  with  an 
instrumental  resolution  of  15  cm  although  radiative  shifts  on  the  scale 
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of  45  cm  were  observed  in  the  process  of  two-quantum  excitation,  the 
experiments  indicate  that  the  time  of  the  stimulated  emission  does  not  exactly 
coincide  with  that  of  the  maximum  intensity  of  193-nm  irradiation.  Presumably, 
the  stimulated  output  occurs  at  a  time  sliahtly  later  than  that  of  peak  excita¬ 
tion,  since  it  is  expected  that  the  peak  cain,  proportional  to  the  quotient 
of  the  population  inversion  and  the  linowidth,  v.'ould  be  maximal  at  a  coint 
shortly  after  the  peak  excitation.  Physically,  the  linowiath  factor  will  provide 
the  principal  contribution,  since  appreciable  broadeninq  arising  from  the  rate 
of  photoionization  will  substantially  reduce  the  gain  for  the  range  of  inten¬ 
sities  present  at  the  peak  of  the  193-nm  irradiation.  Specifically,  at  an 
11  2 

intensity  of  'v<  10  W/cm  ,  the  gain  is  depressed  an  order  of  magnitude  by 

29 

broadening  from  excited  state  photoionization. 

8  9  I"*  1  +  1  + 

Previous  collisional  studies  '  '  “  of  the  E,F  "  and  B  I  states  establish 

g  u 

a  lifetime  of  ^  16  ps  at  a  density  of  one  amagat,  a  value  indicatina  that  the 
pulse  width  of  the  stimulated  emission,  at  least  in  the  higher  pressure  range 
examined  in  these  studies,  is  not  appreciably  greater  than  that  time.  Therefore, 
the  combination  of  the  radiative  and  collisional  influences  leads  to  an  expected 
pulse  length  of  'v  10  ps  for  the  stimulated  output  or,  as  discussed  below,  an 
output  power  of  10  iMlV  on  the  strongest  VUV  line.  In  this  picture,  since  the 
transit  time  of  the  193  nm  excitation  pulse  through  the  physically  active  region 
is  significantly  greater  than  the  10-ps  pulse  width  or  the  collisional  lifetime 
at  typical  operating  pressures,  the  radiating  medium  responds  essentially  as  a 
travelling  wave  amplifier. 


D.  Efficiency  of  observed  stimulated  emission 


A  principal  finding  of  these  experimental  studies  is  the  observation  of  a 
conversion  efficiency  of  193-nm  radiation  to  specific  deep  VUV  lines  approaching 
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one  percent.  Since  photoionization^'^^'^^  and  collisional  losses^'^  compete 
with  the  two-quantum  mechanism  for  excitation,  there  exist  fundamental  relation¬ 
ships  connecting  the  medium  density,  the  VTJV  gain,  the  pulse  width  of  the 
193-nm  excitation,  and  the  conversion  efficiency.  We  now  estimate  an  upper 
bound  for  the  efficiency  expected  under  conditions  comparable  to  those  occurring 
in  these  studies. 

For  this  estimate  the  overall  conversion  efficiency  can  be  represented  as 
a  product  of  two  factors.  One  factor  describes  the  efficiency  with  which  the 
incident  193-nm  radiation  is  absorbed  in  the  process  of  populating  the  upper 
level.  The  second  factor  takes  into  account  the  reduction  in  upper  state  popu¬ 
lation  due  to  photoionization  and  collisions.  For  a  two-photon  coupling  parameter 
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a  =  2  X  10  cm  /W,  based  on  the  previously  determined  values,  the  absorption 

efficiency  is  estimated  to  be  'v  25°i.  In  the  above  estimate,  a  193-nm  intensity 
10  2 

of  5  X  10  W/cm  ,  an  equilibrium  population  density  of  a  ground  state  rotational 
18  •  3 

level  V  3  X  10  cm  ,  and  an  active  medium  of  length  10  cm  have  been  assumed. 

Under  these  conditions,  the  fractional  loss  of  E,F  state  population  due  to  photo¬ 
ionization  and  collisional  quenching  can  be  calculated  to  be  80%  for  a  photo- 
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ionization  cross  section  of  2  x  10  cm  and  a  collisional  rate  constant  of 

-9  3  -11 

2.1  X  10  cm  /s  with  an  ultraviolet  pulse  duration  of  10  s  and  a  total  medium 

19  -3 

density  of  3  x  lo  cm  .  Since  a  single  stimulated  line  is  generally  much 
stronger  than  the  others  in  our  experiment  (see  Table  la  and  Table  Ib) ,  it  will 
be  assumed  that  the  stimulated  emission  occurs  on  only  one  transition.  Therefore, 
combining  the  absorption  efficiency  and  radiation  efficiency  with  the  assumption 
that  half  of  the  inversion  density  can  be  extracted  at  A  v  800  nm  under  conditions 
of  saturation,  the  resulting  energy  conversion  efficiency  for  the  infrared  E->-B 
transition  is  estimated  to  be  1.3%.  Although  the  emitted  quantum  is  significantly 
greater  for  the  B-^X  transitions  (X  'v  150.  nm)  ,  similar  estimates  for  the  B-*-X  VUV 
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band  also  indicate  an  energy  conversion  efficiency  of  0.5".  In  t.his  latter 
case,  additional  losses  arise  from  photoionisation  of  the  3  state  with  a 
cross  section  that  will  be  somewhat  laraer  than  that  correscondina  to  the  E.r 

g 
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level.  It  should  be  noted,  however,  that  the  recent  estimates  of  t.he  two- 

20 

photon  X->-E,F  cross  section  performed  by  Huo  and  Jaffe  indicate  a  cross  section 
larger  by  a  factor  of  six  than  the  one  used  in  the  appraisal  of  the  officien.cy 
made  above.  This  suggests,  that  under  optimum  conditions,  a  maximum  efficiency 
of  ''  3%  could  be  achieved  on  the  B-*-X  band.  In  the  present  experiment,  which 
does  not  correspond  to  the  optimum  conditions  for  efficient  excitation,  comparison 
with  attenuated  193  nm  radiation  shows  that  the  strongest  transition  B  (v  =  1, 

J  =  3)  ->  X  (v  =  7,  j  =  4)  (Table  Ib)  at  .\  150  nm  contains  an  energy  of  -  100  u  J 

corresponding  to  an  observed  energy  conversion  efficiency  of  O.S'l. 


V.  CONCLUSIONS 


Intense  stimulated  emission  on  the  Werner  and  Lyman  bands  of  U,  is  observed 
following  two-photon  excitation  of  the  .X-*-E,F  transition  at  193  nm  with  'v  10  ps 
radiation.  Stimulated  emission  on  infrared  transitions  belonging  to  the 
E,P^B  band  is  also  observed.  All  the  stimulated  lines  seen  can  be  attributed 
to  direct  radiative  cascades  originating  from  the  state  initially  populated  in 


the  two-quantum  excitation.  Two  different  channels  of  excitation  were  found  to 


populate  the  E,F  levels,  one  involving  two  193-nm  quanta  and  the  other 
conbining  a  193-nm  quantum  with  a  first  Stokes  shifted  photon.  The  optical 


Stark  effect  was  seen  to  play  a  significant  role  in  the  excitation  process 
with  shifts  of  molecular  resonances  as  large  as  'v  45  cm  In  addition,  a 


large  deviation  from  Born-Oppenheimer  behavior,  resulting  in  an  abrupt  shift 
of  the  stimulated  spectrum  depending  upon  the  excited  state  rotational  quantum 


number,  was  observed  for  molecular  levels  close  to  the  potential  maximum 


separating  the  inner  and  outer  wells  of  the  E,F  state.  The  energy  observed 
on  the  strongest  line  was  100  yj,  a  value  corresponding  to  a  conversion 
efficiency  of  “V  0.5%.  The  corresponding  pulse  duration  has  been  estimated  to 
be  10  ps,  a  figure  indicating  a  maximum  converted  VUV  power  of  't  10 
Clearly,  the  general  technique  of  nonlinear  excitation  studied  in  this  work 
can  be  readily  extended  to  a  wide  range  of  transitions  in  H^,  HD,  and  D2  to 
provide  a  multitude  of  intense  narrow  bandwidth  sources  in  the  vacuum  ultraviolet 
region. 
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TABLE  la.  Transitions,  corrospondinq  wavelenaths  and  relative 
intensities  of  the  observed  stimulated  emission  in  low  pressure 


(n,  20  Torr)  on  pumping  the  Q(  3)  transition  of  the  X 
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E,F 


(0-2)  band.  Values  in  column  3  are  taken  from  the  work  of  Dieke 


[Ref.  (16)3. 
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TABLD  Ib.  Transitions,  corrospondinq  wavelonqths  and  the  rela¬ 
tive  intensities  of  the  observed  stimulated  emission  in  low  rires- 
sure  (20  Torr)  Ho  on  pumpinc  the  Q(2)  transition  of  the  X  -- 
E,F  (0-21  band.  Values  in  column  1  are  taken  from  the  work 

of  Dieke  [lief.  (16)[j . 
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TABLE  II.  Transitions,  corresponding  wavelengths  and  relative 
intensities  of  the  observed  stinulated  emission  in  high  pressure 
(>  600  Torr)  H2.  Values  in  column  3  are  taken  from  the  work  of 
Dieke  [Ref.  (16)[1  - 
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Figure  Legends 

FIG.  1.  Partial  representation  of  potential  energy  curves  of  (taken  from 
Sharp,  ref.  11) . 

FIG.  2.  Absorption  cross  section  of  in  the  range  51300-52000  cm  The 

solid  arrows  indicate  the  transition  frequencies  of  the  Q-branch  of  the 
1  +  1  + 

X  Z  (v=0)— E,F  Z  (v=2)  band.  The  broken  arrows  indicate  the  tuning 

g  g 

range  of  the  ArF*  laser.  Reprinted  with  permission  from  pergamon  Press 
(ref.  18) . 

FIG.  3.  Stimulated  emission  from  following  E,F^X  (2-0)  0(3)  two-photon 
excitation  with  2  ArF*  (193  nm)  quanta.  For  the  E,F-'-C  transition  (broken 
line) ,  see  text. 

FIG.  4.  Stimulated  emission  from  following  S,F*-X  (2-0)  p(2)  two-photon 
excitation  with  2  ArF*  (193  nm)  quanta.  For  the  E,F-*C  transition  (broken 
line) ,  see  text. 

FIG.  5,  Transition  frequencies  of  p(2)  and  0(3)  lines  of  X  (v  =  0) 

E,F  ^Z^  (v  =  2)  transition  (a)  in  the  absence  and  (b)  in  the  presence  of 

g 

11  2 

strong  optical  field  (shifts  given  for  I  =  6  x  lO  W/cm  ) . 

FIG.  6.  Stimulated  emission  from  following  E,F-^X  (0-0)  Q(0)  two-photon 


excitation  with  a  fundamental  and  one  Stokes  shifted  ArF*  photon. 
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APPENDIX  B 

ANOMALOUS  COLLlSICtJ-FREE  MULTIPLE  IONIZATION  OF  ATOMS 
WITH  INTENSE  PICOSECOND  ULTRAVIOLET  RADIATION 

T.  S.  Luk,  H.  Punmer,  K.  Boyer,  M.  Shahidi, 

H.  Egger,  and  C.  K.  Rhodes 

Department  of  Physics,  University  of  Illinois  at  Chicago 
P.O.  Box  4348,  Chicago,  IL  60680 

ABSTRACT 

Studies  examining  the  collision-free  nonlinear  coupling  of  intense 
14  2 

10  W/cm  )  ultraviolet  (193  nm)  radiation  to  atoms  spanning  the  range 

in  atomic  number  from  Z  =  2  to  Z  =  92  art.  reported.  The  experimental  data, 

10+ 

which  include  the  observation  of  u  ,  the  production  of  which  requires  an 
energy  transfer  of  633  eV,  a  value  equivalent  to  99  quanta,  reveal  several 
important  characteristics  of  these  processes.  Prominent  features  are  (1)  an 
unexpectedly  strong  multiphoton  coupling  strength  resulting  in  multiple  ioniza¬ 
tion  of  target  atoms,  (2)  a  strong  Z-dependence._ of  the  coupling,  and  (3)  ion 
charge  state  distributions  which  in  some  cases  resemble  those  characteristic 
of  Auger  cascades.  Conventional  stepwise  models  of  sequential  ionization 
using  standard  theoretical  techniques  are  found  to  be  incapable  of  describing 
these  results.  To  unify  these  experimental  findings  within  the  framework  of 
a  single  physical  picture,  a  mode  of  interaction  which  involves  direct  radiative 
coupling  to  a  collective  motion  of  an  inner-shell  with  subsequent  transfer  of 
excitation  to  a  corresponding  outer-shell  is  discussed. 
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The  availability  of  spectrally  bright  picosecond  ultraviolet:  li::r.t  sources 

enables  the  study  of  nonlinear  coupling  mechanisms  in  that  spectral  ranee  under 

experimental  circumstances  unaffected  by  collisional  perturbations.  In  this 

work,  the  results  of  experiments  examining  processes  of  multiple  ionization 

14  2 

of  atoms  with  intense  10  W/cm  )  picosecond  193  nm  radiation  under  collision- 
free  conditions  are  reported. 

The  general  physical  process  studied  is 

NY  +  X  +  qe~  (1) 

for  which  observed  values  of  M  and  q  ranae  as  high  as  99  and  10,  respectively. 

Of  particular  significance  is  the  behavior  of  the  amplitude  for  reaction  (1) 
as  a  function  of  atomic  number  (Z) .  Accordinaly,  the  response  of  several 
materials,  spanning  the  range  in  atomic  number  from  Ho  (Z  =  2)  to  U  (Z  =  92) , 
has  been  measured,  previous  work,  with  which  we  make  contact  in  the  discussion, 
examining  similar  processes  involvino  the  irradiation  of  iCr  at  1.26  un,  has 
recently  been  described  by  L'Huillier  et  al.^  Other  preliminary  studies,  con¬ 
cerning  the  characteristics  of  Xe  and  iJa  under  intense  irradiation  at  193  nm 

2 

have  also  been  discussed. 

The  experiments  reported  herein  exhibit  three  salient  features.  These  are 

(1)  an  unexpectedly  strong  coupling  for  extraordinarily  hich  order  processes, 

(2)  a  coupling  strength  which  is  dramatically  enhanced  at  higher  Z-values,  and 

(3)  a  charge  state  distribution  for  the  heavier  materials  strongly  resembling 
that  characteristic  of  ions  formed  from  atomic  rearrangements  following  the 
production  of  inner-shell  vacancies.^ 

The  experimental  arrangement  used  to  detect  the  production  of  the  highly 
ionized  species  consists  of  a  double  focussing  electrostatic  energy  analyzer 
(Comstock)  operated  as  a  time-of-fliqht  mass  spectrometer  (Fig.  1) .  The  energy 
analyzer  is  positioned  in  a  vacuum  vessel, which  is  continuously  evacuated  to  a 
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background  pressure  of  10  Torr.  The  ir.aterials  to  be  investicated  are 

introduced  into  the  vacuum  container  in  a  controlled  manner  at  pressures  tvei- 

-7  4 

cally  of  3  x  10  Torr.  The  193  nm  ArF*  laser  used  fer  irradiation  (•'-  10  psec, 

4  is  focussed  by  a  f  =  50  cm  lens  in  front  of  the  entrance  iris  of  the 

electrostatic  analyzer,  producing  an  intensity  of  <  10  W/cm'"  in  the  experi¬ 
mental  volume.  Ions  formed  in  the  focal  region  are  collected  by  the  analvzer 
with  an  extraction  field  in  the  ranae  of  50-590  V/cm  and  subsequently  detected 
with  a  microchannel  plate  at  the  exit  of  the  electrostatic  device. 

Representations  of  the  experimental  results  are  given  in  Table  I  and 
Figures  2  and  3.  Table  I  contains  the  normalized  relative  abundances  of  the 
observed  ion  charge  states  for  the  atomic  systems  studied.  Fig.  2  illustrates 
the  Z-dependence  of  the  ion  production  portraying  the  total  energies  required  to 
generate  the  observed  ions  in  their  electronic  ground  states.  The  inset  in 
Fig.  2  shows  a  sample  of  typical  time-of-flight  ion  current  data  for  Xe.  Fig.  3 
displays  as  a  histogram  five  representative  charge  state  distributions  illustrat¬ 
ing  the  key  features  discussed  below. 

Certainly,  a  remarkable  feature  of  the  data_ is  the  magnitude  of 
the  total  energy  which  can  be  communicated  to  the  atomic  systems.  With  the 
exception  of  the  lighter  rare  gases,  this  energy  is  substantially  in  excess  of 
100  eV  and  culminates  in  a  value  of  n,  633  ev  for  the  production  of 

5 

assuming  the  neglect  of  the  small  contributions  associated  with  binding  in  the 

parent  UF^  molecule  used  as  the  experimental  material.  We  observe  that  the 
o 

total  energy  investment  of  633  eV  needed  to  generate  from  the  neutral 

6-9 

atom,  as  estimated  from  available  tabulations,  represents  the  highest  value 
reported  for  a  collision-free  nonlinear  process.  In  ndJ.  ;cn,  it  is  noted  that 
the  removal  of  the  tenth  electron  from  uranium,  which  requires'  v  133  eV  if 
viewed  as  an  independent  process,  requires  a  minimum  of  21  quanta.  As  discussed 
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below,  the  coupling  implied  by  this  scale  of  enercy  transfer  at  an  intonsiry  of 
14  2 

a/  10  W/cm  very  substantially  exceeds  that  anticipated  on  tl'^o  basis  of  conven¬ 
tional  theoretical  formulations  describing  multiquantum  ionization. 

Aside  from  the  magnitude  of  the  observed  scale  of  excitation  enerqies,  the 

shape  of  the  envelope  curve  shown  in  Fig.  2  has  sianificant  implications.  The 

three  prominent  features  are  (1)  the  general  and  strong  tendency  for  increased 

coupli.na  for  materials  heavier  than  argon,  (2)  the  similarity  in  the  respo.nse 

of  I  and  Xe  for  which  the  maximum  charge  state  observed  in  bot.h  cases  corresponds 

to  complete  loss  of  the  5p-shell,  and  (3)  a  definite  minimum  in  the  eneray 

o  7 

coupled  to  Hg.  An  examination  of  the  ionization  energies  '  for  the  species 
involved  fails  to  suggest  any  consistent  picture  for  this  behavior.  For  example, 
the  removal  of  the  fifth  electron  from  Hg,  which  is  not  observed,  requires  some¬ 
what  less  energy  ("v  71.1  eV)  than  the  ionization  of  the  sixth  electron  from  Xe 
(a.  71.8  eV) ,  a  process  which  is  clearly  seen.  Similarly,  the  ionization  of 
the  second  electron  from  Ke,  which  is  not  detected,  requires  an  energy  of 
■u  54.4  eV,  a  value  less  than  that  necessary  to  remove  the  fifth  electron  from 
Xe.  We  are  led  to  the  conclusion  that  some  factor  other  than  the  magnitude  of 
the  ionization  potentials  corresponding  to  the  different  species,  or  equivalently, 
the  order  of  the  nonlinear  process,  governs  the  strength  of  the  coupling. 

An  explanation  based  simply  on  the  density  of  states  is  also  unconvincing. 

A  comparison  of  the  excited  state  structures'*^' for  He  and  Ne  in  the  relevant 
energy  range  quickly  shows  that  the  density  of  levels  for  Ne  is  very  large  in 
comparison  to  that  for  He,  but  only  singly  ionized  species  are  observed  for 
both  materials. 

Conversely,  all  three  conspicuous  characteristics  of  Fig.  2  noted  above 
can  be  simultaneously  understood  if  the  shell  structure  of  the  atom  is  the 
principal  physical  property  determining  the  coupling  strength.  The  considerable 


change  seen  in  the  atomic  response  observed  between  Ar  and  Kr  stronaiy  implicates 

a  role  for  the  3d-shell  which  is  filled  in  that  reqion.  A  very  similar  variation 

between  Ar  and  Kr  that  has  been  observed  in  the  amplitude  for  sinalc  quantum 

12 

niultiple  photoionization  has  been  attributed  to  correlation  effects  arising 

from  the  d-shell.  A  significant  shell-dependent  effect  is  also  suagested  by 

the  comparative  behavior  of  I  and  Xe,  since  complete  rcmov'al  of  the  valance 

5p-shell  is  observed  in  both  cases  although  the  total  energies  required  differ 

substantially.  It  is  also  known  that  I  and  Xe  exhibit  similar  and  unusually  in— 

13  14 

tense  4d  absorptions  ’  in  the  region  "v  100  eV,  stronnly  implicatina  correlated 
motions  in  that  shell.  The  clear  minimum  represented  bv  I!g  is  additional 
testimony  to  the  importance  of  the  detailed  nature  of  the  atomic  structure. 

In  this  case,  the  behavior  suggests  the  presence  of  a  resonance  phenomenon 
which  may  result  from  a  relationship  between  the  binding  energy  characteristic 
of  inner-shell  electrons  and  the  magnitude  of  the  photon  energy  used  for 
irradiation.  Naturally,  the  study  of  materials  close  to  Z  =  80  will  be  necessary 
to  establish  the  validity  of  this  inference. 

The  most  elementary  mechanism  that  could  lead  to  the  production  of  the 
observed  ionic  charge  states  is  the  stepwise  removal  of  the  individual  electrons 
by  conventionally  described  multiphoton  ionization.  In  this  situation,  a  given 
charge  state  (e.g.  Xe^^)  would  require  the  generation  of  all  lower  charge  states 
as  its  precursors  thereby  linking  the  probability  for  its  occurrence 
directly  to  the  rates  of  production  of  the  lower  charge  states.  For 
example,  the  appearance  of  Xe^^  would  require  a  sequence  of  2-,  4-,  6-,  8-,  10- , 
and  12-photon  processes  of  ionization. 

The  probabilities  for  multiphoton  transitions  using  standard  perturbative 
approaches'^  and  procedures  valid  in  the  high  field  limit^^  have  been  discussed 
previously  for  single  electron  systems.  -From  these  calculations,  it  can  be  shown 
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that,  at  the  intensity  of  ^  10  W/crn*"  used  in  these  excerinents ,  the  transition 

rate  for  an  N-photon  process  decreases  very  rapidly  with  increasing  N.  Indeed, 

an  estimate  shows  that  for  N  =  3,  5,  7,  the  relative  transition  probabilities 
-4  -8 

scale  as  Ir^-lO  :'tio  .  Based  on  these  considerations,  the  expected  charce 
state  distributions  should  decrease  very  sharply  towards  higher  charge  states. 
Indeed,  in  this  situation,  the  abundances  of  ions  in  charge  states  q  '•  3  would 
fall  below  the  detection  limit  of  the  apparatus  used.  Consequently,  it  follows 
that  the  results  obtained  from  orthodox  models  for  multiquantum  processes  of 
this  nature  do  not  validly  represent  the  observed  experimental  findinas  involving 
charge  states  q  >  3.  This  conclusion  holds  for  all  materials  studied  that  are 
heavier  than  Ar.  Conversely,  inspection  of  the  experimental  data  indicates  that 
the  low  Z  materials,  essentially  up  to  Ar,  exhibit  behavior  in  reasonable  accord 
with  that  predicted  by  conventional  theory.  Overall,  this  behavior  can  be  recon¬ 
ciled  with  the  presence  of  two  different  coupling  mechanisms,  one  dominating  in 
the  low  Z  region  and  the  other  providing  enhanced  coupling  in  the  heavier 
materials.  From  our  data,  the  division  between  these  two  regimes  appears  to 
occur  between  Ar  and  Kr. 

The  form  of  the  observed  charge  state  distributions  shown  in  Fig.  3  provides 
information  on  the  mechanism  of  ion  formation.  In  addition  to  the  strong  coup¬ 
ling  distinguishing  the  heavy  materials,  the  e.xperimental  ion  distributions 
strongly  resemble  those  characteristic  of  ions  formed  from  atomic  rearrangements 
arising  from  inner-shell  vacancies.  This  resemblance  is  particularly  striking^® 
in  comparison  with  ion  distributions  observed  after  x-ray  ionisation  of  the  Xe 
and  Hg  N  and  O  shells,  respectively.  The  inference  arising  from  this  feature 
of  the  data  is  that  an  important  mechanism  of  coupling  involves  a  direct  inter¬ 
action  with  an  inner-shell,  presumably  through  a  virtual  excitation,  with 
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subsequent  transfer  of  excitation  to  a  corresponding  outer-shell.  Interestinaly, 

the  charge  state  distribution  shown  in  Fig.  3  for  U  possesses  a  double  maxinuin. 

21 

In  relation  to  uranium,  we  note  the  recent  study  of  the  very  strona  transition 

Atxsinq  from  5d-f  transitions  in  that  material  and  the  presence  of  an  unusually 

narrow  feature  in  the  atomic  spectrum  at  10.73  nm,  a  wavelength  that  falls  at 

an  exact  harmonic  of  the  193  nm  source  used  in  the  present  studies. 

It  is  expected  that  nonlinear  processes  of  the  type  under  study  should 

exhibit  a  dependence  upon  the  wavelength  of  irradiation.  Since  Kr  was  examined 

at  1.06  um  by  L'Huillier  et  al.^  at  the  same  intensity  used  in  this  work 
14  2 

10  W/cm  ),  a  direct  comparison  of  ion  charge  distributions  at  1.06  iim  and 

193  nm  can  be  made.  In  both  experiments  the  maximum  level  of  ionization  observed 
4+ 

was  Kr  .  This  comparison  shows  that  193  nm  radiation  is  considerably  more 
effective  in  producing  the  higher  charge  states.  Relative  to  the  abundance  of 

4-  .)4. 

Kr  ,  the  shorter  wavelength  radiation  (193  nm)  generated  Kr  at  an  abundance 

ten- fold  greater  than  the  1.06  ym  light. 

The  very  substantial  underestimate  provided  by  standard  theoretical  models 

of  the  coupling  strength  observed,  the  envelope  of  the  Z-dependence,  and  the 

anomalous  charge  state  distributions  all  conspire  to  support  an  interpretation 

involving  an  alternative  mode  of  coupling.  The  enhanced  and  anomalous  strength 

of  the  radiative  interaction  points  to  a  collective  response  of  the  atom.  Such 
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a  collective  response,  or  atomic  plasmon,  is  anticipated  to  be  favored  in  the 

outer  subshells  of  high  Z  materials,  namely,  in  shells  for  which  the  correlation 

ft  2  ^ 

energy  becomes  a  more  substantial  fraction  of  the  total  electronic  energy.  ' 

The  coherent  motion  envisaged  has  a  counterpart  in  nuclear  matter  known  as  the 
giant  dipole,  although  giant  multipoles  higher  than  the  dipole  are  known. 

All  aspects  of  the  experimental  findings  can  be  unified  if  an  important 
mode  of  nonlinear  coupling  involves  a  direct  multiquantum  interaction  with  an 
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atoraic  inner-shell  which  undergoes  a  collective  resconse.  In  this  oicture, 
it  would  follow  naturally  that  the  shell  structure  of  the  material  would  be 
reflected  as  an  important  property  governing  the  couoiina  to  the  radiation 
field.  We  note  that  collective  inner-shell  responses  have  been  discussed  in 
relation  to  processes  of  single  photon  ionisation.  Xore  recent  analyses 
of  collective  responses  in  atomic  and  molecular  systems  have  been  given  by 
Brandt  et  al.,  Wendin,  and  Amusia  et  al.^^'^*^  Furthermore, 

it  has  been  found  that  in  cases  for  which  the  electronic  correlations  are  impor¬ 
tant,  the  single  particle  spectrum  is  very  greatly  altered,  and,  in  certain 

examples,  nearly  eliminated  and  replaced  by  the  collectively  enhanced  many- 

10  29  31-34 

electron  process.  In  this  regard,  the  xenon  4d  shell  '  and  the 

lanthanides^^  have  been  studied  extensively.  The  results  of  our  current 

studies  simply  indicate  a  nonlinear  analogue  of  this  basic  electronic  mechanism. 

In  the  present  experiments,  the  implication  of  the  d-shcil  electrons  seems 

particularly  strong  given  the  sharp  change  in  behavior  seen  between  Ar  and  Kr. 

Naturally,  f-electrons  would  be  expected  to  behave  similarly,  a  consideration 

that  clearly  motivates  study  of  the  lanthanide  sequence. 

Within  the  framework  of  the  physical  picture  described  above,  considerable 

selectivity  can  be  expected  in  the  population  of  specific  states  of  the  excited 

36—  3^ 

ions  produced  on  the  basis  of  photoelectron  studies  that  have  been  conducted 

on  a  wide  range  of  materials.  This  arises  since  the  physical  coupling  between 

the  shells,  the  coulombic  interaction,  is  fundamentally  the  same  in  both  cases. 

Indeed,  there  is  ample  evidence  from  studies  of  both  electron  impact^°  and 

41 

radiative  excitation  of  atoms  that  the  relaxation  pathways  of  inner-shell 


excited  systems  can  readily  produce  inverted  populations.  Naturally,  the  presence 
of  such  selectivity  is  best  revealed  by  measurements  of  photoelectron  and  photon 
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spectra.  In  addition,  due  to  the  unusually  high  order  of  the  nonlinear  processes 
observed,  it  is  of  considerable  interest  to  investigate  the  role  of  angular 
momentum  transfer  in  these  interactions,  an  aspect  that  can  be  examined  readily 
by  the  comparison  of  the  atomic  responses  observed  with  linearly  and  circularly 
polarized  radiation. 

In  summary,  studies  examining  the  nonlinear  coupling  of  intense  ultraviolet 
radiauion  to  atomic  systems,  spanning  the  atomic  number  range  Z  =  2  to  S  =  92, 
reveal  several  important  characteristics  of  the  mechanism  governing  this  inter¬ 
action.  The  essential  findings  are  (1)  an  unexpectedly  large  amplitude  for 
collision-free  coupling  resulting  in  processes  involving  as  many  as  99  quanta 
with  an  equivalent  excitation  energy  of  633  eV,  (2)  a  strong  enhancement  in 
the  coupling  strength  for  the  heavy  elements,  (3)  an  ion  charge  state  distribu¬ 
tion  resembling  that  produced  in  Auger  processes,  strongly  implying  direct 
coupling  to  inner-shell  electrons,  and  (4)  the  inference,  based  on  the  atomic 
number  dependence,  the  anomalous  coupling  strength,  and  the  ion  charge  distri¬ 
bution,  that  a  collective  motion  of  d-  and  f-shells  may  play  an  important  role 
in  these  phenomena.  It  is  also  concluded  that  the  conventional  treatment  of 
multiquantum  ionization  in  a  model  of  stepwise  ionization  does  not  validly 
describe  our  experimental  findings. 

Support  for  these  studies  was  provided  by  the  Office  of  Naval  Research, 
the  Air  Force  Office  of  Scientific  Research  under  grant  no.  AFOSR-79-0130, 
the  National  Science  Foundation  under  grant  no.  PHY81-16636,  and  the  Avionics 
Laboratory,  Air  Force  Wright  Aeronautical  Laboratories,  Wright  Patterson  Air 
Force  Base,  Ohio.  In  addition,  fruitful  discussions  concerning  atomic  ionization 
energies  with  R.  L.  Carman  and  the  skillful  assistance  of  J.  Wright  and  M.  Scaggs 
in  performing  these  studies  are  gratefully  acknowledged. 
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TABLE  I.  Charqe  state  distributions  (normalized  to  total  strength)  in  percent 


Figure  Captions 


FIG.  1.  Diagrara  of  energy  and  charge  analyzina  apparatus.  The  electrostatic 
analyzer  was  used  as  a  time-of-flight  instrument. 

FIG.  2.  Plot  of  the  ionization  energies  representing  the  total  energy  transfer 
required  for  the  production  of  different  charge  states  as  a  function  of  atomic 
number  (Z) ,  The  envelope  curve  is  drawn  to  connect  the  states  representing 
the  maximum  charge  state  observed.  The  inset  shows  a  trace  of  typical  tine-of- 
f light  data  for  xenon  observed  in  these  studies. 

FIG.  3.  Histograms  of  charge  state  distributions  for  Kr,  I,  Xe,  Ha,  and  U. 
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